We report time-resolved electron emission in experiments on ionization of rubidium Rydberg atoms (n 90) by few-cycle radio-frequency (RF) (1-10 MHz) pulses. The electron emission occurs in multiple bursts and strongly depends on the carrier-envelope phase as well as the duration and amplitude of the RF pulses. Remarkably, ionization is observed during a series of cycles with the same amplitude. Even at the low RF frequencies, ionization is not completed in a single cycle. Remixing of the states at the zero crossing of the field is believed to play an essential role. Similarities with the ionization process leading to high order harmonic generation are discussed.
Ionization of atoms by electromagnetic radiation is known to depend strongly on the amplitude and frequency of the driving field. In most cases, the role of the phase of the carrier frequency is considered to be irrelevant. Recent calculations [1] [2] [3] and experiments [4, 5] show that, for ionization by short pulses containing only a few field cycles, the carrier phase does play an important role. Figure 1(a) shows a field Ft given by Ft Et sin!t with a Gaussian envelope Et containing only two cycles at FWHM. As can be seen in the figure, a phase shift of 2 changes the peak value of the central oscillation near the envelope maximum considerably. Moreover, the peak field is reached twice for 0, but only once for 2 . Hence, for (nonlinear) processes in which the yield depends strongly on the peak value of the field, the carrier phase of the short pulse can be more important than the frequency. One such process is the emission of high order harmonics by noble gas atoms upon exposure to intense short optical pulses [4, [7] [8] [9] [10] . In this Letter, we describe experiments on a strongly related carrier phase-dependent process: ionization of highly excited Rydberg atoms by a short radiofrequency (RF) pulse. In the experiments, we monitored the electron emission with subcycle time resolution and found that the emission pattern and total yield strongly depend on the carrier phase of the driving field and that a mechanism exists to spread the emission of electrons in bursts over many RF cycles [see, e.g., Fig. 1(b) ]. It is remarkable that the ionization occurs in bursts even for high-amplitude pulses with a rectangular envelope, i.e., with subsequent half cycles of constant amplitude as shown in Fig. 2 . We discuss the mechanism for this spreaded ionization. Finally, the impact of the observed subcycle features for the ionization process leading to high order harmonic generation (HHG) is discussed.
The experiments are performed in a vacuum chamber (10 ÿ7 mbar). An atomic Rb beam from a resistively heated oven crosses a nanosecond dye laser beam. The laser excites atoms in a two-photon process ( 593:72 nm, 0:005 nm) to a high Rydberg state, typically n 90d. Two capacitor plates, on which the RF field is applied, surround the interaction region. Subsequent to the laser excitation, the atoms are exposed to the fewcycle RF pulse. The RF pulses are synthesized in a (b) Solid and dashed lines: Experimental ionization yield of a Rb 90d state exposed to the RF pulses shown in (a). For comparison, the dotted line shows the ionization yield of atomic hydrogen subjected to a 10 15 W=cm 2 optical pulse with the same field as the 0 trace (solid line) calculated with an Ammosov-Delone-Krainov formula amended by an empirical expression to include barrier-suppression ionization [6] . programmable pulse generator, amplified by a RF amplifier, and sent to the capacitor plates using a transmission line configuration. Electrons released by the ionization process are accelerated by the RF field towards the detector. Electrons released at negative half cycles of the RF pulses are pushed towards the detector and recorded with a fast digital oscilloscope, while electrons released at positive cycles are pulled away from the detector. A complete picture of the ionization is obtained by adding two time traces with opposite field polarities. For traces similar to the ones shown in Fig. 1 (b), we typically averaged over 100 laser shots. The microchannel plate detector has a time resolution of 3 ns, which is much faster than the RF cycle period (100 ns at 10 MHz). The flight time from the interaction region to the detector is about 50 ns, and corrected for by time shifting the electron emission traces. The flight-time dispersion due to different accelerating fields and differences in the starting positions of the electrons is about 15 ns and determines the time resolution of the experiment. Bound Rydberg state population, not ionized by the RF pulse, is probed afterwards by means of state-selective field ionization. To that end, the field on one of the capacitor plates is ramped in 3:5 s to 22 V=cm. In the time between the laser excitation and the onset of the RF pulse (typically 300 ns), some m mixing of the initially excited m 0 state by stray electric and magnetic fields can occur. Figure 2 (b) shows the time-resolved ionization of a Rb 90d Rydberg state subjected to five-cycle sinusoidal (solid line) and triangular (dashed line) 1 MHz RF pulses in a rectangular envelope as shown in Fig. 2(a) . The emission occurs in bursts and is not depleted after the five-cycle pulse. Furthermore, the ionization peaks show a splitting which depends on the exact shape of the carrier wave (sine vs triangular) as well as the amplitude.
We further investigate why the electron emission is not depleted after the first cycle and the origin of the doublepeak structure. Figure 3 (a) shows the state-selective field ionization trace of the initial 90d state, i.e., the timedependent electron emission upon application of a slowly ramped electric field ( dF dt 6 V cm s . In an electric field, the degenerate high-' states split up in Stark states. The trace shows two features which result from different pathways while traversing the many crossings of Stark states in the time-dependent field from zero field to the ionization limit. The first, narrow peak comes from pathways which are mostly adiabatic, while the second, broad feature is attributed to mixed adiabatic-diabatic ionization and characteristic for field ionization of high angular momentum states (the electric field mixes the angular momenta) [11] . Integration of the total yield gives the ionized fraction at a particular peak-field strength as shown in Fig. 3(b) . The ionization yield is clearly not a step as a function of the peak-field amplitude. This indicates that, if in an RF experiment the peak amplitude of a cycle is somewhere on the rising edge of the curve in Fig. 3(b) , the Rydberg atom population is only partly ionized during that cycle. During the cycle the field lowers again and changes sign, and the angular momentum of the remaining bound state fraction of the wave function will remix. Such remixing is a nonhydrogenic core effect of the Rb Stark states. At the peak amplitude of the subsequent half cycle again a fraction will be ionized. As a result, it takes a few cycles to ionize the Rydberg atom population completely. This is explicitly demonstrated in Fig. 3(c) , which shows the ionization yield as a function of the number of cycles in a rectangular pulse envelope together with an exponential fit. Mahon et al. observed already that long pulse RF ionization of Rydberg atoms require quasistatic field amplitudes [12] . Figure 3 (c) refines this picture: Even at these strong fields it takes many cycles until the initial state is depleted. Figure 3(d) shows the field ionization process in greater detail. The lower panel shows the time-dependent emission upon application of electric field ramps which rise in 3:5 s to 22 V=cm (dashed line), 15 V=cm (dotted line), and 11 V=cm (solid line). It can be clearly seen that, once the maximum field value is reached, the ionization rate drops sharply, even if not all the Rydberg population is ionized. Without remixing by the RF field, the remaining population is stable. It has been predicted that the total ionization yield of atoms subjected to few-cycle laser pulses depends on the carrier-envelope (CE) phase [2] . To our knowledge, this is not yet confirmed by experiments. Figure 4 shows that this effect can be easily observed in the radio-frequency domain. The figure shows the integrated ionization yield of a Rb 90d state subjected to a 6 MHz RF pulse as a function of carrier-envelope phase. The envelope amplitude is constant (14:6 V=cm) and the pulse energy in this scan rises about 11% from 0 to 90 carrier phase. The ionization yield increases almost a factor of 2 if the carrier phase is near 90 and the cycle amplitude is at the peak of the envelope.
The exact timing of the electron emission is believed to play an essential role in the field of HHG. The classical HHG model introduced by Corkum in 1993 [13] starts by ionization of the atom by a strong optical laser field. The ionization is considered to take place near the maxima of the optical field cycles by tunneling ionization. The quasifree electron wave packets are pushed back to the ionic core when the optical field changes sign after about 10 ÿ15 s. If emitted at the proper phase, the electron revisits the ionic core with a considerable energy gained from the optical field. Then the electron may recombine to the ground state and this energy is released as a vacuum ultraviolet or even extreme ultraviolet (XUV) photon. This XUV emission process can take place during every half cycle of the optical pulse. The total emission pattern therefore consists of a train of attosecond XUV bursts, rather than a single attosecond pulse [7, 14] , unless the driving pulse reaches the few-cycle regime [4] . The tunneling ionization rate strongly depends on the maximum field strength during the cycle, and for few-cycle pulses the electron ejection rate and, hence, the XUV emission yield depend on the carrier phase of the optical pulses [1, 3] . In the optical domain, the electron emission, the initial step of HHG, has never been observed with a subcycle resolution. Such observations are frustrated by the high frequency of optical pulses. This constraint is relaxed by about 8 orders of magnitude in the case of RF ionization of Rydberg atoms, as reported here. Note that although the characteristic time scales and length scales of ground-state and Rydberg atoms are very different, the electron makes many round-trips per cycle of the field; hence, the electron samples the slowly varying potential in many orbits. The photon energy is much smaller than the binding energy in both cases, such that many photons are involved in the ionization process [15] .
For further comparison of optical ground-state and RF Rydberg ionization, we return to Fig. 1(b) , which shows the measured time-resolved electron emission of Rb n 90d states exposed to a 6.25 MHz pulse of 1 s duration (about two cycles at FWHM). The emission is compared for two different carrier phases (solid line: 0, dashed line:
2 ) of the RF field. The integrated power of the pulses is equal within 3%. In both cases, the initial Rydberg population is depleted at the end of the pulses. In HHG, the highest energy electrons are made when the cycle amplitude is maximal and thus photons with the highest XUV photon energy are produced. In Fig. 1(b) , the electron emission in the strongest half cycle is phase dependent, explaining why HHG is observed to depend on the CE phase [4] .
In HHG, the highest energy electrons are made when the cycle amplitude is maximal and thus photons with the highest XUV photon energy are produced. The experiments shown in Fig. 5 demonstrate why short pulses are advantageous for the generation of high orders of harmonics [10] . The two electron emission traces in Fig. 5(b) are recorded with two RF pulses (10 MHz, peak amplitude 21:5 V=cm) which have a factor 12 different pulse duration (95 ns, and 1:2 s, respectively). For the short pulse, the population is not yet depleted when the peak of the pulse is reached and a considerable fraction of the electrons is ejected at the peak of the pulse. For long pulses, the population is depleted well before the peak is reached [16] .
In contrast to the optical ionization of ground-state atoms, the RF ionization of Rydberg atoms involves the traversal of many avoided crossings of Stark states, which can be traversed diabatically or adiabatically. In general, this traversal is completed in a mixed diabatic-adiabatic process. The resulting wave function is a (incoherent) superposition of Stark states with different energies and ionization rates, leading to the observed broad threshold. In the optical case, the number of states involved is much smaller. For very short optical pulses, nonadiabatic effects have been seen, and it has been shown that the contribution of excited bound states is not negligible and leads to an ionization suppression similar to the one seen in our experiment [10] .
In summary, we observed that the electron emission of Rydberg atoms exposed to few-cycle RF pulses occurs in multiple bursts. The actual pulse parameters (amplitude, frequency, and phase) determine the number and relative height of the emission peaks as well as the field value at which the maximum emission occurs. The investigated system displays many similarities with the physics under-lying high order harmonic generation and is believed to be an ideal model system. Detailed understanding of the observed double-peak phenomenon in Fig. 2 requires further experiments and theoretical modeling and can contribute to the discussion over the optimal pulse shape for HHG. An interesting question is how different pulse shapes can be employed to optimize a desired ionization behavior [4, 17, 18] .
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